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Abstract 

The  micro  structural  evolution  and  swelling  behaviors  of  sulfonated  poly(etheretherketone)  (SPEEK)  and  Nafion  polymer  membranes  have 
been  investigated  by  small  angle  X-ray  scattering  (SAXS)  after  equilibrating  them  in  2  M  methanol  solution  at  various  temperatures,  which 
is  relevant  for  their  use  in  direct  methanol  fuel  cells  (DMFC).  The  relationships  among  Bragg  distance,  sulfonation  levels  of  the  membrane, 
equilibrating  temperature  and  transport  properties  are  discussed.  The  proton  conduction  properties  of  the  SPEEK  and  Nafion  membranes  have 
been  investigated  by  electrochemical  impedance  spectroscopy.  The  network  cluster  model  is  employed  to  retrieve  the  structural  information 
from  the  scattering  and  proton  conductivity  data.  While  the  SPEEK  membranes  have  narrower  pathways  for  methanol/water  permeation  at 
T<  70  °C,  the  Nafion  membranes  have  a  wider  channel  even  at  lower  temperatures,  resulting  in  a  higher  methanol  permeability  in  the  latter. 
Based  on  the  differences  in  the  structural/cluster  evolutions,  the  advantages  and  limitations  of  the  two  polymer  membranes  for  use  in  DMFC 
are  discussed. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Direct  methanol  fuel  cells  (DMFC),  which  use  liquid 
methanol  directly  as  a  fuel,  are  drawing  much  attention  as 
promising  power  sources  for  portable  applications  such  as 
cell  phones  and  laptop  computers.  Currently,  Nafion  mem¬ 
branes  from  DuPont  are  nearly  exclusively  used  as  the  poly¬ 
mer  electrolyte  in  DMFC  due  to  its  favorable  mechanical 
and  chemical  stabilities  along  with  high  proton  conductivity 
in  the  hydrated  state  [1,2]. 
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Nafion  has  the  following  chemical  structure: 

-(CF2-CF2)^CF-CF2)r 

O— CF2— CF— O— CF2— CF2— SOsH 
CFs 

in  which  the  values  of  v  and  y  can  be  varied  to  give  materials 
with  a  range  of  equivalent  weights  (900-1400),  and  the  ma¬ 
terial  with  an  equivalent  weight  of  1 100  is  the  most  common. 
Nafion  consists  of  an  extremely  hydrophobic  perfluorinated 
backbone  and  highly  hydrophilic  terminal  sulfonic  acid  func¬ 
tional  groups  (-SO3H)  attached  to  the  backbone.  The  unique 
properties  of  Nafion  membranes  are  believed  to  be  closely 
related  to  the  microscopic  phase  separation  of  the  ionic  parts 
(-SO3H  groups)  from  the  fluorocarbon  matrix.  While  the 
polymer  backbone  provides  good  mechanical  property  for 
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the  Nafion  membrane,  the  aggregation  of  the  sulfonic  acid 
groups  leads  to  high  proton  conductivity,  especially  when 
the  membrane  is  in  the  hydrated  state. 

The  clustering  of  the  ionic  groups  in  the  low  dielectric 
constant  polymer  matrix  is  usually  indicated  by  the  existence 
of  a  scattering  maximum,  which  is  often  called  “ionomer 
peak”,  in  small  angle  X-ray  scattering  (SAXS)  or  small  angle 
neutron  scattering  (SANS)  [1,3-6].  The  scattered  intensity, 
I(q ),  oscillates  with  increasing  wave  vector: 

4n 

q  =  —  sin6>  (1) 

where  A  is  the  wavelength  and  20  is  the  scattering  angle.  The 
Bragg  spacing  d  is  related  to  q  as: 


0 

The  origin  of  the  scattering  maximum  has  been  exten¬ 
sively  studied,  but  it  is  still  a  subject  of  controversy.  Since 
the  1970s,  various  models  have  been  proposed  to  interpret  the 
SAXS  observations,  and  they  can  be  generally  divided  into 
intraparticle  models  [7,8],  and  interparticle  models  [9-11]. 
The  intraparticle  models  attribute  the  “ionomer  peak”  to  the 
interference  within  the  ionic  cluster,  implying  that  the  scat¬ 
tering  maximum  is  related  to  the  internal  structure  of  the  clus¬ 
ter.  On  the  other  hand,  the  interparticle  models  attribute  the 
“ionomer  peak”  to  the  interference  between  different  ionic 
clusters,  implying  that  the  Bragg  spacing  obtained  from  Eq. 
(2)  refers  to  the  center-to-center  distance  between  two  clus¬ 
ters.  Although  the  interparticle  models  are  now  commonly 
being  accepted,  the  origin  of  the  ionomer  peak  is  not  fully 
resolved. 

Despite  the  advantages  of  the  Nafion  membrane  as  the 
electrolyte  material  for  DMFC,  its  high  permeability  to 
methanol  has  been  one  of  the  obstacles  that  prevent  the 
widespread  commercialization  of  the  DMFC  technology 
[12].  To  overcome  this  difficulty  along  with  an  aim  to 
lower  the  cost  of  the  membranes,  extensive  efforts  have 
been  made  to  develop  alternative  polymer  membranes.  In 
this  regard,  sulfonated  poly  ketones  [13-17],  sulfonated 
polysulfones  [18,19]  and  sulfonated  polyimides  [20,21] 
are  being  actively  investigated.  These  materials  show 
promising  results  for  use  in  DMFC.  For  example,  the 
primary  properties  such  as  swelling  behavior,  proton 
conductivity  and  methanol  permeability  of  membranes 
based  on  sulfonated  poly(etheretherketone)  (SPEEK)  have 
been  characterized,  and  they  have  been  evaluated  in  DMFC 
[14,16,22].  With  certain  sulfonation  level,  the  SPEEK  mem¬ 
branes  show  low  methanol  permeability  and  electrochemical 
performance  comparable  to  Nafion  at  temperatures  around 
60  °C. 

However,  many  of  these  performance  features  are  not 
well  understood  mainly  because  of  the  complexity  of  the 
membrane  structures  arising  from  phase  separations  when 
hydrated.  The  molecular  structure  of  SPEEK  membrane  is 
shown  below: 


According  to  Kreuer  [14,23],  the  differences  in  the  trans¬ 
port  properties  and  swelling  behaviors  between  the  SPEEK 
and  Nafion  membranes  arise  from  the  differences  in  their 
microstructures.  They  suggested  that  the  separation  between 
the  hydrophobic  and  the  hydrophilic  groups  is  smaller,  but 
the  separation  between  the  sulfonic  acid  functional  groups 
is  larger  in  SPEEK  compared  to  that  in  Nafion.  These  char¬ 
acteristics  of  SPEEK  were  shown  to  significantly  reduce  the 
electro-osmotic  drag  and  water  permeation.  Therefore,  mem¬ 
branes  based  on  SPEEK  may  help  to  alleviate  the  problems 
associated  with  high  methanol  crossover  in  DMFC. 

Generally,  SAXS  studies  of  hydrated  ionomer  membranes 
use  Kapton  (polyimide  film  from  DuPont)  windows  to  en¬ 
close  the  samples  and  keep  the  water  content  constant  during 
the  measurements.  However,  it  is  hard  to  totally  avoid  the 
environmental  fluctuations  during  the  long  period  of  SAXS 
data  collection.  For  those  polymer  membranes  to  be  used  in 
liquid  DMFC,  it  is  highly  desirable  to  obtain  the  structural 
information  of  the  electrolyte  membranes  at  conditions  close 
to  that  in  practical  fuel  cells.  Accordingly,  we  equilibrate 
the  SPEEK  membranes  with  different  sulfonation  levels  in 
methanol  solution  at  various  temperatures  and  present  in  this 
paper  a  systematic  SAXS  investigation  of  the  SPEEK  mem¬ 
branes.  The  relationships  between  the  Bragg  spacing  and  the 
transport  of  methanol  and  protons  in  the  SPEEK  membranes 
are  discussed  and  the  data  are  compared  with  those  of  Nafion. 

2.  Experimental 

The  details  of  the  sulfonation  of  the  poly(ethereth- 
erketone)  (PEEK)  polymer  (PEEK450  PF,  Victrex)  and  the 
preparation  of  the  SPEEK  membranes  have  been  given  else¬ 
where  [15,16].  Five  sulfonation  levels  (44,  46,  54,  58  and 
72%)  are  used  in  this  study,  and  they  are  designated,  respec¬ 
tively,  as  SPEEK-44,  SPEEK-46,  SPEEK-54,  SPEEK-58  and 
SPEEK-72.  For  the  comparative  study,  Nafion  115  mem¬ 
branes  were  used.  To  prepare  SPEEK  membranes  with  dif¬ 
ferent  counter  ions,  the  sulfonated  polymers  were  immersed 
under  stirring  for  20  h  in  excess  (1.5  times)  0.1  M  NaOH 
or  0.1  M  CsCl  solution,  washed  thoroughly  with  deionized 
water  and  dried  at  around  100  °C  overnight.  The  samples 
with  various  levels  of  sulfonation  and  the  Na+  or  Cs+  counter 
ions  are  designated  hereafter  as,  for  example,  SPEEK-54-Na, 
SPEEK-44-Cs,  SPEEK-54-Cs  and  SPEEK-58-Cs. 

The  SAXS  experiments  were  carried  out  by  placing  the 

o 

sample  cell  in  the  path  of  the  X-ray  beam.  The  1.54  A  Cu 
Ka  X-rays  were  generated  by  a  rotating  copper-anode  gen¬ 
erator  source  (Bruker  Nonius).  The  scattering  was  detected 
by  a  multiwire  gas-filled  2D  detector  (Molecular  Metrology, 
Inc.).  The  experiments  were  typically  carried  out  at  room 
temperature  for  a  duration  of  90  min. 
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Membranes  were  equilibrated  in  2M  methanol  solution 
at  various  temperatures  for  24  h  before  conducting  the  SAXS 
experiments.  To  avoid  evaporation  of  the  liquid  absorbed  on 
the  membranes,  the  samples  were  embedded  in  2  M  methanol 
solution  in  stainless  steel  sample  holders,  and  the  sample 
cells  were  sealed  with  Kapton  films.  From  our  experience 
and  the  literature  [24],  it  was  observed  that  both  the  SPEEK 
and  Nation  membranes  exhibit  a  swelling  memory,  viz. 
liquid  uptakes  obtained  at  high  temperatures  remain  to  room 
temperature  as  long  as  the  membranes  were  kept  in  the  same 
solution.  This  ensures  the  retention  of  the  particular  swelling 
state  of  the  membranes  at  each  temperature  and  the  collection 
of  SAXS  data  at  conditions  close  to  that  in  practical  fuel 
cells. 

Electrochemical  impedance  spectroscopy  studies  were 
conducted  with  an  HP  4 192 A  LF  impedance  analyzer  in 
the  frequency  range  of  5  Hz  to  13  MHz  with  an  applied 
voltage  of  10  mV.  Stainless  steel  blocking  electrodes  were 
used  for  the  measurements.  The  sample  fixture  was  put  into 
an  environmental  chamber  (Model  9000L,  VWR  Scientific) 
having  the  capability  to  control  the  temperature  and  humidity 
at  a  desired  value.  For  all  the  measurements,  the  membrane 
samples  were  first  dried  at  100  °C  in  vacuum  for  about  24  h, 
and  then  equilibrated  at  80  °C  and  20%  relative  humidity 
(R.H.)  for  12  h  before  collecting  the  stable  impedance  data 
at  various  R.H.  values.  The  proton  conductivity  values  of 
the  SPEEK  and  Nation  membranes  were  calculated  from  the 
impedance  data  collected. 


3.  Results  and  discussion 

3.1.  SAXS  profiles  in  dry  states 

The  room  temperature  SAXS  spectra  of  the  dry  SPEEK 
and  Nafion  membranes  (pre-dried  at  100  °C  in  vacuum 
overnight  followed  by  equilibrating  in  ambient  atmosphere) 
are  compared  in  Fig.  1.  It  can  be  seen  that  in  the  dry  states, 
no  ionomer  peaks  are  observed  for  SPEEK-44,  SPEEK-54, 
SPEEK  58  and  SPEEK-72  membranes,  whereas  a  scattering 
maximum  with  a  q-  value  of  ~1 .93  nm-1  is  obtained  for  the 
Nafion  115  membrane.  There  are  two  possibilities  for  the  ab¬ 
sence  of  the  ionomer  peaks  for  the  SPEEK  membranes  in 
the  dry  states.  One  is  that  the  ionic  clusters  do  exist,  but  the 
electron  density  contrast  between  the  clusters  and  the  PEEK 
polymer  phase  is  too  small  to  produce  any  pronounced  SAXS 
peak  structure.  The  other  possibility  is  that  the  -SO3H  groups 
are  only  statistically  attached  to  the  main  chains  of  PEEK 
during  the  sulfonation  process  [25]  and  no  ionic  clusters  are 
formed  in  the  dry  states  by  considering  the  very  rigid  prop¬ 
erty  of  the  PEEK  backbone  to  which  the  -SO3H  groups  are 
attached  [26] ;  the  rigidity  of  PEEK  may  not  provide  enough 
free  volume  and  flexibility  for  the  clustering  of  the  -SO3H 
groups. 

To  clarify  this  point,  SAXS  experiments  were  carried  out 
on  the  sodium  neutralized  SPEEK-54  and  cesium  neutral¬ 


q  (nm') 

Fig.  1.  Comparison  of  the  SAXS  profiles  of  dry  Nafion  and  SPEEK  mem¬ 
branes. 

ized  SPEEK-44,  SPEEK-54  and  SPEEK-58  membranes  in 
the  dry  states.  In  carboxylated  ionomers,  the  anion  packing 
is  determined  by  the  counterion,  but  it  is  independent  of  the 
cation  type  in  sulfonated  ionomers  like  SPEEK  and  Nafion 
investigated  in  this  study  [27,28].  In  addition,  studies  have 
shown  that  the  ionomer  peak  position  is  independent  of  the 
monovalent  counterion;  however,  the  intensity  increases  as 
the  atomic  number  Z  of  the  counterion  increases  due  to  an 
increase  in  the  contrast  [29].  Therefore,  in  order  to  obtain  de¬ 
tectable  ionomer  peaks  with  dry  SPEEK  membranes,  sodium 
and  cesium  ions  were  used  in  this  study  to  enhance  the  elec¬ 
tron  density  contrast  between  the  hydrocarbon  PEEK  poly¬ 
mer  matrix  and  the  ionic  clusters,  if  they  exist.  The  SAXS 
profiles  of  the  sodium  and  cesium  neutralized  membranes 
are  shown  in  Fig.  2.  While  the  sodium  neutralized  SPEEK- 
54  membranes  do  not  exhibit  any  obvious  peak  structure,  the 
three  cesium  neutralized  membranes  show  broad  peaks  with 
g- values  of  around  2.7  nm-1.  The  results  indicate  that  ionic 
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Fig.  2.  Comparison  of  the  SAXS  profiles  of  sodium  and  cesium  neutralized 
SPEEK  membranes. 
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clusters  do  exist  in  dry  SPEEK  membranes,  but  the  cluster 
size  may  be  small  with  a  small  number  of  ionic  -SO3H  groups 
in  each  cluster  and  a  small  characteristic  separation  of  about 
2.3  nm  between  the  clusters.  The  smaller  cluster  size  is  due 
to  the  fact  that  only  the  closely  spaced  -SO3H  groups  can  get 
clustered  due  to  the  high  rigidity  of  the  PEEK  backbone  to 
which  the  -SO3H  groups  are  attached  and  the  smaller  free 
volume.  The  rigidity  of  the  backbone  prevents  further  struc¬ 
tural  rearrangement  that  can  lead  to  larger  clusters  composed 
of  more  ionic  groups.  On  the  other  hand,  in  the  case  of  Nation 
membrane,  the  sulfonic  acid  groups  are  attached  to  the  PTFE 
side  chains,  which  due  to  their  high  flexibility  can  provide 
enough  free  volume  for  the  ionic  groups  to  cluster  easily. 

It  can  also  be  seen  from  Fig.  2  that  the  ionomer  peak 
shifts  to  slightly  higher  q-  value  as  the  sulfonation  level  in  the 
cesium  neutralized  membranes  increases  from  44  to  58%. 
This  observation  indicates  that  the  Bragg  distance  d  (see  Eq. 
(2))  decreases  with  increasing  sulfonation  level,  suggesting 
an  interparticle  origin  for  the  ionomer  peak.  With  increasing 
sulfonation  level,  the  number  of  ionic  clusters  increases,  re¬ 


sulting  in  a  smaller  center-to-center  cluster  distance  (Bragg 
spacing). 

3.2.  Influence  of  sulfonation  level  on  SAXS  profile 

Fig.  3  compares  the  SAXS  profiles  recorded  after  equili¬ 
brating  the  SPEEK  and  Nation  membranes  in  2  M  methanol 
solution  at  various  temperatures.  Comparison  of  the  data  to 
that  in  Fig.  1  indicates  that  ionomer  peaks  start  to  appear 
for  the  SPEEK  membranes  on  equilibrating  in  methanol  so¬ 
lution.  Generally,  at  each  temperature,  the  scattering  maxi¬ 
mum  shifts  toward  smaller  g- values  and  the  intensity  of  the 
peak  increases  as  the  sulfonation  level  increases,  especially 
at  higher  temperatures  (>60  °C).  This  trend  is  different  from 
that  obtained  for  dry  membranes  in  Fig.  2,  indicating  that 
microstructural  reorganization  may  be  involved  upon  absorb¬ 
ing  methanol/water.  In  other  words,  two  or  more  small  clus¬ 
ters  (clusters  composed  of  small  number  of  ionic  groups  are 
called  multiplets  according  to  Eisenberg  [30])  may  combine 
to  form  larger  clusters  containing  a  larger  number  of  -SO3H 
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Fig.  3.  Comparison  of  the  SAXS  profiles  of  SPEEK  and  Nation  membranes  after  equilibrating  in  2  M  methanol  solution  at  (a)  40  °C,  (b)  50  °C,  (c)  60  °C,  (d) 
70  °C  and  (e)  80  °C. 
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Fig.  4.  Comparison  of  the  SAXS  profiles  of  SPEEK-44  and  SPEEK-54 
membranes  after  equilibrating  in  2  M  methanol  solution  at  40  °C. 

ionic  groups.  While  the  starting  of  the  structural  rearrange¬ 
ment  is  obvious  at  lower  temperatures  for  the  SPEEK  mem¬ 
branes  with  high  sulfonation  levels,  it  becomes  obvious  only 
at  higher  temperatures  in  the  case  of  membranes  with  low 
sulfonation  levels.  In  fact,  a  careful  look  at  the  spectra  at  a 
low  temperature  of  40  °C  (Fig.  4)  reveals  that  SPEEK-44  and 
SPEEK-54  with  a  low  level  of  sulfonation  show  characteris¬ 
tics  similar  to  those  of  cesium  neutralized  dry  SPEEK-44  and 
SPEEK-54  membranes.  SPEEK-54  exhibits  a  smaller  Bragg 
distance  (center-to-center  distance  of  clusters)  compared  to 
SPEEK-44,  indicating  that  not  too  much  structural  rearrange¬ 
ment  and/or  cluster  combination  are  involved  for  these  two 
membranes  at  low  temperatures  and  the  structural  character¬ 
istics  in  the  dry  states  are  preserved. 

It  can  be  seen  from  Fig.  3(d)  that  the  scattering  maxi¬ 
mum  has  disappeared  for  the  SPEEK-58  membrane  at  70  °C. 
The  disappearance  of  the  ionomer  peak  is  probably  due  to 
a  structural  reorganization  occurring  following  an  excessive 
swelling  as  found  in  our  previous  study  [16].  In  contrast, 
for  Nation  membranes,  the  ionic  peak  is  preserved  even 
at  high  water  contents  and  high  temperatures  [31].  These 
comparisons  indicate  the  advantages  of  the  Nation  mem¬ 
branes  over  other  hydrocarbon  based  polymer  membranes 
from  a  thermal  stability  point  of  view.  In  fact,  for  Nation 
membrane,  the  huge  swelling  starts  only  when  the  temper¬ 
ature  is  increased  to  140  °C,  which  is  much  higher  than  the 
typical  operating  temperatures  of  conventional  PEMFC  and 
DMFC. 

3.3.  Influence  of  temperature  on  Bragg  spacing 

To  investigate  how  the  ionic  clusters  in  the  membrane  de¬ 
velop  with  temperature  in  methanol  solution,  the  Bragg  spac¬ 
ing  calculated  from  the  g- values  of  the  ionomer  peaks  in  the 
SAXS  profiles  is  plotted  in  Fig.  5  against  the  equilibrating 
temperature.  It  can  be  seen  that  the  Bragg  spacing  hardly 
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Fig.  5.  Variations  of  the  Bragg  distance  d  with  the  equilibrating  temperature 
in  2  M  methanol  solution  for  the  SPEEK  and  Nation  membranes. 

change  with  temperature  in  the  case  of  SPEEK  membranes 
with  low  sulfonation  levels  (SPEEK-44  and  SPEEK-54)  at 
low  temperatures  (40-60  °C).  However,  it  increases  signifi¬ 
cantly  on  increasing  the  temperature  above  60  °C. 

The  interparticle  model  can  be  employed  to  understand 
the  existence  of  the  two  temperature  regions  (for  example, 
40-60  and  >60  °C  for  low  sulfonation  levels  of  44  and  54%) 
in  Fig.  5.  According  to  this  model,  the  Bragg  spacing  is  a 
measure  of  the  center-to-center  distance  in  the  ionic  clusters. 
On  going  from  the  dry  state  to  the  state  of  being  equilibrated 
in  2M  methanol  solution  at  40  °C,  we  may  assume  that  a 
first  stage  of  cluster  combination  occurs.  In  this  stage,  the 
first  absorbed  water/methanol  may  cause  several  neighbor¬ 
ing  small  clusters  to  aggregate  to  slightly  bigger  clusters. 
After  this  stage,  as  the  temperature  is  increased  from  40  to 
60  °C,  which  is  in  the  low  temperature  range,  most  of  the 
liquid  is  located  around  the  ionic  clusters  and  the  size  of  the 
cluster  increases  while  the  increase  in  the  center-to-center 
distance  between  the  clusters  is  relatively  smaller.  However, 
as  the  temperature  is  increased  further  (>60  °C),  the  clusters 
are  getting  larger  and  becoming  better  connected,  and  a  reor¬ 
ganization  may  occur  to  give  even  larger  clusters.  In  addition, 
methanol  may  penetrate  into  the  organic  part  and  plasticize 
the  polymer  chain,  increasing  the  flexibility  of  the  polymer 
backbone  and  facilitating  the  reorganization  of  the  clusters. 
Adjacent  clusters  may  combine  to  form  even  larger  ones  and 
the  number  of  -SO3H  groups  per  cluster  increases  in  order  to 
keep  the  specific  surface  constant  and  consequently  the  total 
number  of  clusters  decreases  [31]. 

On  the  other  hand,  different  observations  are  made  with  the 
Nafion  membranes.  On  going  from  the  dry  state  to  the  state 
at  40  °C  in  methanol  solution,  the  Bragg  distance  increases 
from  3.25  to  5.51  nm;  after  that,  the  Bragg  distance  hardly 
changes  upon  increasing  the  equilibrating  temperature  up  to 
80  °C.  These  results  suggest  that  the  growth  and  combination 
of  ionic  clusters  are  almost  completed  on  equilibrating  with 
2  M  methanol  solution  at  40  °C  due  to  the  high  flexibility  of 
the  side  chains  to  which  the  sulfonic  acid  groups  are  attached. 
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Fig.  6.  Comparison  of  the  proton  conductivities  of  Nation  and  various 
SPEEK  membranes  at  80  °C  and  various  relative  humidities. 

3.4.  Proton  conductivity  comparison  of  SPEEK  and 
Nafion  membranes 

The  proton  conductivities  of  various  SPEEK  membranes 
and  Nafion  were  calculated  from  the  impedance  values  and 
the  data  are  shown  in  Fig.  6  as  a  function  of  the  relative 
humidity.  The  conductivity  increases  with  increasing  rela¬ 
tive  humidity  as  expected  for  both  the  SPEEK  and  Nafion 
membranes.  However,  the  conductivity  values  of  the  SPEEK 
membranes  are  generally  lower  than  that  of  the  Nafion  mem¬ 
brane  at  each  relative  humidity. 

The  proton  conductivities  of  the  SPEEK  membranes  in 
Fig.  6  can  be  divided  into  two  regions:  (i)  a  region  of  relatively 
slow  increase  in  proton  conductivity  with  relative  humidity 
(<80%  R.H.)  and  (ii)  a  region  of  relatively  faster  increase  in 
the  proton  conductivity  with  relative  humidity  (>80%  R.H.). 
These  two  regions  are  distinguished  in  Fig.  6  by  the  two 
dashed  lines  with  different  slopes.  In  the  region  with  R.H. 
<80%,  the  amount  of  absorbed  water  is  small  and  most  of 
them  is  located  around  the  ionic  clusters,  which  are  not  well 
connected.  On  the  other  hand,  in  the  region  with  R.H.  >80%, 
more  water  is  absorbed  and  the  clusters  grow  and  become 
well  connected  to  each  other,  increasing  the  mobility  of  the 
protons.  In  contrast,  the  proton  conductivity  of  the  Nafion 
membrane  increases  monotonically  in  a  linear  manner  with 
increasing  relative  humidity,  indicating  that  no  significant 
change  in  morphology  or  cluster  structure  is  involved  upon 
swelling. 

3.5.  Relationship  between  SAXS  and  fuel  cell 
performance  data 

We  have  shown  in  our  previous  study  [16]  that  the  SPEEK 
membranes  with  a  sulfonation  level  of  around  50%  exhibit 
much  lower  methanol  permeability  than  Nafion  and  an  elec¬ 


trochemical  performance  comparable  to  that  of  Nafion  115 
in  DMFC,  but  the  operating  temperature  has  to  be  limited 
to  65  °C.  These  results  are  consistent  with  the  SAXS  struc¬ 
tural  evolution  data  presented  in  this  paper  for  the  SPEEK  and 
Nafion  membranes.  At  T<  60  °C,  the  ionic  clusters  in  SPEEK 
membranes  with  low  sulfonation  levels  such  as  S PEEK-44 
and  SPEEK-54  are  not  well  connected.  So  there  is  no  con¬ 
tinuous  pathway  for  methanol/water  transport  through  the 
membrane,  leading  to  lower  measured  methanol  permeabil¬ 
ity.  Also,  it  can  be  seen  from  Fig.  5  that  below  70  °C,  SPEEK- 
44  and  SPEEK-54  have  a  smaller  center-to-center  distance 
between  clusters  and  smaller  cluster  sizes.  This  implies  that 
the  membrane  can  only  provide  very  narrow  pathways  for 
methanol/water  transportation.  The  performance  loss  due  to 
the  lower  proton  conductivity  of  the  SPEEK  membranes 
at  these  conditions  is  partly  compensated  by  the  advantage 
gained  through  the  alleviated  methanol  crossover.  On  the 
other  hand,  continuous  pathways  for  methanol/water  per¬ 
meation  can  be  easily  formed  in  the  case  of  Nafion  mem¬ 
branes  in  contact  with  the  methanol/water  solution,  leading 
to  high  methanol  permeability  in  DMFC.  However,  other 
features  such  as  the  acidity  of  the  -SO3H  groups  and  the 
electro-osmotic  drag  coefficients  in  different  membranes  may 
also  affect  their  use  in  DMFC  as  discussed  by  Kreuer  [14]. 
It  should  be  noted  that  the  long-term  stability  of  hydro¬ 
carbon  based  polymers  such  as  SPEEK  needs  to  be  in¬ 
vestigated  because  methanol  may  penetrate  into  the  poly¬ 
mer  backbone  slowly  [32,33],  leading  to  further  reorganiza¬ 
tion  of  the  cluster  structure  and  creation  of  continuous  and 
wide  pathways  for  methanol/water  permeation  through  the 
membrane. 


4.  Conclusions 

A  comparison  of  the  SAXS  data  of  the  Nafion  and  SPEEK 
membranes  has  provided  important  insight  regarding  their 
structural  features,  especially  the  evolution  of  clusters.  The 
differences  in  the  structural  features  are  reflected  in  the  differ¬ 
ences  in  the  flexibility  of  their  structures.  With  a  sulfonation 
level  of  around  50  %,  the  SPEEK  membranes  have  narrower 
pathways  for  methanol/water  permeation  at  T<  70  °C,  result¬ 
ing  in  low  methanol  permeability.  In  contrast,  wide  channels 
are  easily  formed  in  Nafion  membranes  even  at  low  temper¬ 
ature,  which  facilitates  the  transportation  of  methanol/water 
and  thereby  leads  to  serious  methanol  crossover  problems  in 
DMFC.  With  a  careful  control  of  the  processing  and  operating 
conditions,  the  hydrocarbon  polymers  such  as  SPEEK  may 
evolve  as  a  promising  alternate  for  the  Nafion  membranes  in 
DMFC. 
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